The effect of isometric exercise by handgrip on the ejection dynamics of the left ventricle, especially the relation between left ventricular stroke work index and end-diastolic pressure, was studied in 25 patients. In the patients with normal or nearly normal left hearts (group i), the ejection dynamics of the left ventricle, especially on the relation between left ventricular stroke work and end-diastolic pressure in patients with and without cardiac dysfunction. In order to facilitate the haemodynamic comparisons, the influence of changes in heart rate was eliminated by right atrial pacing at rates as close as possible to those obtained under handgrip.
Previous studies have shown that isometric exercise by handgrip (Lind and McNicol, I967; MacDonald et al., I966; Lind, I970 ) is a useful stress test for the detection of ventricular dysfunction and evaluation of haemodynamic abnormalities in patients with cardiovascular diseases (Houston, Atkins, and Blomqvist, I970; Jacobs et al., I970; Kivowitz et al., 1970; Mullins etal., I970) . Recently, assessment of left ventricular contractile function from isovolumic pressure measurements has led to the conclusion that the normal left ventricular myocardium responds primarily with an enhancement of the contractile state to an acute load produced by handgrip, and that the diseased myocardium utilizes the FrankStarling mechanism to generate an increased pressure (Krayenbuehl et al., 1972) . This type of haemodynamic evaluation necessitates high-fidelity left ventricular pressure measurements, not available at routine catheterization. Furthermore, the absence of a true isovolumic phase of contraction, for instance in mitral incompetence, may render the evaluation of left ventricular function from pressure measurements alone of questionable significance. It is therefore the purpose of this paper to describe the effects of handgrip on the Received 2 September I971. 1 This work was supported by a grant of the Swiss National Fund. ejection dynamics of the left ventricle, especially on the relation between left ventricular stroke work and end-diastolic pressure in patients with and without cardiac dysfunction. In order to facilitate the haemodynamic comparisons, the influence of changes in heart rate was eliminated by right atrial pacing at rates as close as possible to those obtained under handgrip.
Materials and methods
Twenty-five patients (io women and I5 men) were studied by right and left cardiac catheterization. Premedication consisted of io mg chlordiazepoxide (Librium) given orally one hour before the investigation. According to the result of the diagnostic catheterization performed at rest, the 25 patients were divided into three groups. pressure load, or coronary heart disease. Left ventricular end-diastolic pressure was normal or only slightly raised (not exceeding I6 mmHg). There were 2 cases with persistent ductus arteriosus, i case with small ventricular septal defect, i case with slight to moderate mitral incompetence, I case with idiopathic hypertrophic subaortic stenosis and mild mitral incompetence, and 2 cases with coronary heart disease documented by selective coronary arteriography. In one of these patients, occlusion of the right coronary artery, i cm distal to the ostium, and mild mitral incompetence were present. The other patient showed nearly complete obstruction in the middle part of the right coronary artery. In addition, 2 patients with valvular pulmonary stenosis were included in this group since their left ventricular end-diastolic pressure was slightly raised (i6 mmHg).
Group 3 comprised I0 patients with clearly raised left ventricular end-diastolic pressures at rest (I9 mmHg or more). There were 3 cases with moderate to severe valvular aortic stenosis and slight aortic incompetence, i case with mixed aortic valve stenosis and incompetence, i case with moderate mitral incompetence, i case with combined aortic and mitral incompetence, i case with constrictive pericarditis, i case with idiopathic hypertrophic non-obstructive cardiomyopathy, i case with a calcified cavernous haemangioma affecting the right atrium, right ventricle, and septum, and i case with healed myocardial infarction and minimal mitral incompetence. Coronary arteriography revealed occlusion of the right coronary artery in the distal portion of the vessel.
All patients were in sinus rhythm. In the case in group 3 with combined aortic and mitral incompetence, left bundle-branch block was present.
Catheter localization for handgrip study Conventional catheters were inserted into the ascending aorta and into the left ventricle by the retrograde and/or the transseptal route. A thermistor probe was advanced to the thoracic aorta. It has to be noted that the stroke volume index always represents forward stroke volume index except in aortic incompetence and persistent ductus arteriosus where total left ventricular stroke volume index, i.e. the amount of blood ejected into the aortic root per beat/M2, was used to calculate LV stroke work index.
Experimental protocol Handgrip was performed with a balloon dynamometer. The details have been described previously (Krayenbuehl et al., 1972) .
When the patient had become familiar with the handgrip test, a control run at rest was carried out. The patient was then requested to squeeze the dynamometer for 3 minutes. Between the second and third minute of compression, an experimental run was recorded. In IS out of the 25 patients, right atrial pacing was instituted after a pause of I0 minutes at similar heart rate as achieved during handgrip. A third experimental run was obtained after 2 minutes after the onset of right atrial pacing.
The average handgrip performance in the three groups was as follows: 0-28 + o.oI (SE) kg/cm2 in group I, 0-29 ± o-o2 kg/cm2 in group 2, and 029 ± o-oI kg/cm2 in group 3.
Results
The means and the standard errors of the haemodynamic data of each group at rest, 6go Amende, Krayenbuehl, Rutishauser, and Wirz Table 2 shows the data of group 2. handgrip the following observations were Heart rate, LV peak systolic pressure, sysmade: LV peak systolic pressure, systolic tolic aortic pressure, diastolic aortic pressure, aortic pressure, and mean aortic pressure were and mean aortic pressure increased signifisignificantly higher during handgrip than cantly during handgrip. Forward cardiac kg/cm2) PEvsD
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Left ventricular dynamics during handgrip 69I group.bmj.com on June 26, 2017 -Published by http://heart.bmj.com/ Downloaded from index and total cardiac index rose significantly, whereas forward stroke volume index and total stroke volume index remained unchanged. LV end-diastolic pressure showed no significant change whereas LV stroke work index increased significantly from 56 g m/m2 to 66 g m/m2.
In Table 3 the findings during handgrip and at similar heart rate (right atrial pacing) are summarized. LV peak systolic pressure and systolic aortic pressure were significantly raised during handgrip, whereas diastolic aortic pressure and mean aortic pressure were insignificantly higher compared to right atrial pacing. Forward cardiac index, total cardiac index, and total stroke volume index were essentially the same, whereas forward stroke volume index was significantly increased during handgrip. At similar heart rates enddiastolic pressure and LV stroke work index were significantly higher during handgrip than during right atrial pacing. When the haemodynamic parameters during right atrial pacing and at rest were compared, a significant decrease in LV end-diastolic pressure was observed while LV stroke work index did not change significantly. In the present study three groups of patients were exposed to an approximately equal pressure load as judged from the similar increase of mean aortic pressure during handgrip (Tables I, 2 , and 4). Whereas in the patients considered to have normal left ventricular function (group i), handgrip was associated with a significant increase of stroke work index at essentially unchanged left ventricular end-diastolic pressure, the patients with definitely increased end-diastolic pressure at rest (group 3) showed only a small and insignificant increase of left ventricular stroke work index but a significant increase of left ventricular end-diastolic pressure. Thus, the slope of the 'ventricular function curve' in group 3 was very flat (Fig. i) Fig. I .
In contrast to Fig. I , there is now a clearly different response to handgrip in group 2 compared to that in group x when comparisons are made at similar heart rates. This response is intermediate between that of group I and that of group 3: LVSWI still increases as in group I but is associated with a significant increase of LVEDP (abnormal left ventricular dynamics).
heart rates showed a significant increase of left ventricular end-diastolic pressure in group 2, not existing when the comparison was made between the control state and handgrip (Table 2) , and in group 3 the increase of left ventricular end-diastolic pressure under handgrip was clearly accentuated with respect to the augmentation of end-diastolic pressure observed when the control state was compared with handgrip (Table 4) . Thus, the comparison at similar heart rates proved to be very helpful for the haemodynamic evaluation of the left ventricular function, especially in group 2. Though some alteration of left ventricular performance in this group could already be suspected from Fig. i I965) , and that the transplanted (denervated) human heart mobilizes the Frank-Starling mechanism to meet an exercise load (Carleton et al., I969) . From experimental studies in cat papillary muscles obtained from denervated hearts, there is, however, no indication that the intrinsic functional state of the myocardium is depressed (Coleman, Dempsey, and Cooper, I969) . It then seems possible that 'abnormal' left ventricular dynamics can be present even in the functionally unaltered myocardium.
That the Frank-Starling mechanism is mobilized in groups 2 and 3 is shown by the significant increase of left ventricular enddiastolic pressure (Tables 3 and 5 , Fig. 2 ). In the patients whose left ventricular function was considered to be normal (group i) there was however also a slight, though not significant, increase of end-diastolic pressure when comparison was made at similar heart rates ( Fig. 2) . Moreover, end-diastolic pressure did not decrease when heart rate increased during handgrip (Table i, Fig. I ). It appears, therefore, that the Frank-Starling mechanism was mobilized to some extent in group i. This means that even the normal left heart needs both an increase in contractility (Krayenbuehl et 
